ABSTRACT: In order to investigate the properties of water motion within and around brain tumors as a function of tumor growth, longitudinal diffusion tensor imaging (DTI) was carried out in a rat brain glioma (C6) model. As tumors grew in size, significant anisotropy of water diffusion was seen both within and around the tumor. The tissue water surrounding the tumor exhibited high planar anisotropy, as opposed to the linear anisotropy normally seen in white matter, indicating that cells were experiencing stress in a direction normal to the tumor border. When tumors were sufficiently large, significant anisotropy was also seen within the tumor because of longer-range organization of cancer cells within the tumor borders. These findings have important implications for diffusion-weighted MRI experiments examining tumor growth and response to therapy.
INTRODUCTION
Diffusion-weighted MRI (DWMRI) allows non-invasive measurement of the translational motion of water in living tissue. Because water diffusion is sensitive to the tissue's cellular and subcellular architecture and integrity, DWMRI is being used to investigate a variety of diseases. In the area of cancer, DWMRI has been applied to evaluate tumor response to therapy in a number of preclinical studies in animal models (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) and clinical trials (11) (12) (13) . The working hypothesis in these studies is that the microscopic diffusion of water will be sensitive to cellular changes brought about by effective therapy before any detectable change in the size of the tumor. DWMRI is also being carried out to attempt to stage tumors and more accurately define their border (14) (15) (16) (17) (18) (19) (20) . Although contrast-enhanced and T 2 -weighted MRI remain the conventional ways to identify the presence and extent of brain tumors, they often do not show their full extent. Consequently, DWMRI methods are being developed to detect the presence of tumor boundaries that may be different from those seen by more conventional methods (21) (22) (23) (24) . Because of the high clinical importance of these efforts, a more thorough understanding of the diffusion of water within and around tumors is warranted. In this report, we present a longitudinal diffusion tensor imaging (DTI) study of a common rat glioma model. Animal models of brain cancer allow DWMRI studies to be carried out before and after the implantation of tumors, enabling the diffusion properties of brain water to be studied in the same animals before and after the cancer has affected brain tissue.
There were two aims to this study. The first was to determine whether the diffusion properties of water in tissue surrounding brain tumors were affected by tumor growth. If the presence of cancer cells changes the macroscopic organization of cells in the surrounding area, it is possible that the translational motional properties of water in this area will be altered. Changes in the mean diffusivity of the tissue water as well as the anisotropic character of water movement in the surrounding tissue could be expected.
A second goal of this work was to determine whether the diffusion of water within a rat glioma brain tumor is isotropic. It is sometimes assumed that diffusion of water within solid tumors is isotropic, i.e. there is no macroscopic cellular organization that would impart anisotropy to the movement of water. If this is the case, then diffusion
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measurements made in any one direction will reflect the average diffusivity within the tumor. Practically, this allows reduction in the number of measurements made when trying to measure the apparent diffusion coefficient (ADC), which can be helpful in clinical settings. However, if this is not the case, then diffusion measurements must take care to account for existing anisotropy.
METHODS

Rats and tumor implantation
All animal studies were performed under protocols approved by The University of Arizona Institutional Animal Care and Use Committee. Six female adult Wistar rats (200-250 g in body weight) were used in this study. Rat glioma cells (C6) were obtained from the American Type Culture Collection (ATCC, Rockville, MD, USA) and routinely cultured in Dulbecco's modified Eagle's medium (Sigma, St Louis, MO, USA) supplemented with 10% fetal bovine serum (Omega Scientific, Inc., Tarzana, CA, USA). For implantation, rats were anesthetized with ketamine/xylazine (80/10 mg/kg, respectively, intraperitoneal) and placed in a stereotaxic frame. After exposure of the skull by a midline scalp incision, a 1 mm hole was drilled through the skull, 3.5 mm to the right of the bregma. Then 10 mL Dulbecco's modified Eagle's medium containing 10 5 C6 cells was injected at a depth of 5.5 mm using a Hamilton syringe. The craniotomy was sealed with dental cement and the scalp sutured.
MRI protocol
The six tumor-bearing rats were imaged before surgical implantation of C6 cells and three to five times after inoculation, between days 3 and 12 of growth. Rats were anesthetized with 1.5% (v/v) isoflurane in O 2 at 1 L/min and placed into a homemade head holder with plexiglass bite-bar and ear-bars for optimal head immobilization. Body temperature was monitored with a fiber-optic rectal temperature probe (Luxtron, Santa Clara, CA, USA) and maintained at 378C using a circulating heated water bath.
All imaging was carried out at 4.7 T using a horizontal bore Bruker Biospec Avance MRI instrument (Bruker, Karlsruhe, Germany) equipped with actively shielded gradients capable of 200 mT/m with rise times of 200 ms. A 20 mm-inner-diameter surface coil placed on top of the rat head was used for signal reception. The rat holder and surface coil were placed into a 72 mm-inner-diameter volume resonator that was used for excitation. T 2 -weighted fast spin-echo images were obtained in axial and sagittal planes to be used as reference scout images in order to choose similar coronal slices in the same rat brain over time. Imaging parameters for these images were: TR ¼ 4000 ms, echo spacing ¼ 16 ms, echo train length ¼ 8, effective echo time (TE eff ) ¼ 72 ms, number of averages ¼ 1, acquiring 15 contiguous 1 mm slices with a 4 Â 4 cm 2 field of view, and acquisition matrix ¼ 256 Â 256. Afterwards, DTI was carried out in the coronal plane using a diffusion-weighted radial spin-echo pulse sequence (25) . Six contiguous 1 mm-thick sections were imaged using the following parameters: Diffusion-weighted radial MRI data were reconstructed using a magnitude filtered-back projection reconstruction (27) on to a 256 Â 256 image matrix. The three rank-ordered principal diffusivities of the diffusion tensor (l 1 , l 2 and l 3 ) were calculated from the diffusion-weighted images using standard algorithms (28, 29) . From these principal diffusivities, the mean diffusivity hli, or ADC, was calculated as their arithmetic average, and the fractional anisotropy (FA) was calculated according to (30) FA ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi
and has values between 0 (isotropic diffusion) and 1.0 (diffusion restricted to a single direction). Planar anisotropy (CP), and linear anisotropy (CL) coefficients were also calculated according to
which describe the shape of the ellipsoid describing diffusion (31, 32) . Higher values of CP are obtained in voxels that possess two directions of diffusivity that are higher than the third direction (oblate spheroid). CL will be high in voxels exhibiting one principal diffusivity that is higher than the other two (prolate spheroid). Voxels with equal diffusivities (isotropic, spherical) will have low values of both CP and CL. Directional encoded color (DEC) maps use color to designate the direction of the eigenvectors (e 1 , e 2 , e 3 ) of the corresponding principal diffusivities. In the DEC maps, intensities were scaled by FA value, and pixels with FA < 0.3 were set to zero. All image reconstruction and parameter calculations were carried out using programs written in Interactive Data Language (IDL, Research System, Boulder, CO, USA). With careful placement of the rats in the magnet and careful planning of sections of interest, it was possible to
obtain similar image sections over the 12 days of the study. However, because of subtle variability, parameter maps obtained on different days were not compared on a pixel by pixel basis, but through region of interest (ROI) analysis. ROIs were manually drawn on individual slices that contained fully volumed tissue of interest. To assess anisotropy in the ring of tissue surrounding the tumor, ROIs were drawn directly on FA maps calculated from images through the center of the tumor. Statistical significance for differences in FA in the ring of tissue surrounding the tumor and tissue farther away, or pre-tumor tissue, was determined using a two-tailed Student's t-test. For white matter analysis ( Fig. 7 ), ROIs were manually drawn on T 2 -weighted images, because of the ease of selecting anatomical structures in these images, and the ROIs were directly applied to FA maps. Statistical analysis of these data was carried out using two-way analysis of variance, where the first factor was days after implantation and the second factor was side of the brain (tumor side or contralateral side).
Histology
After the final imaging experiment, rats were killed by intravenous injection of sodium pentobarbital, and their brains were removed and placed in formalin in preparation for histopathology. After fixation, brains were paraffin-embedded, sectioned (three adjacent 5 mm slices every 500 mm throughout the entire brain), and stained using both Hematoxylin and Eosin (H&E) and Luxol Fast Blue (LFB) with Hematoxylin as a counter stain. LFB stains myelinated fibers blue, neutrophils pink, and nerve cells purple. Hematoxylin was added to the LFB to be able to localize tumor cells.
RESULTS
Representative T 2 -weighted axial images of rat brain, obtained before and after implantation of tumor cells, are shown in Fig. 1 . The images shown are four contiguous The similarity of each image slice over time demonstrates the ability to image nearly identical sections of the brain over time. Although our protocol did not allow a strict pixel to pixel correspondence from one imaging time to another, it was adequate to monitor morphological changes in the same tissue regions over time. By day 3 after implantation, there is only a slight increase in signal intensity observable at the injection sight, and by day 5, the tumor is readily visible in at least two of the sections (middle rows in Fig. 1 ). By day 10, the tumor is seen in all four sections shown in Fig. 1 , and a mass effect is apparent as the ventricular space and white matter tracts are being displaced. These effects become exaggerated at day 12 when the tumor occupies >50% of the right hemisphere of the brain. All tumors exhibited exponential growth, with a mean rate of 0.403 per day (SD AE 0.004). T 2 -weighted and isotropically diffusion-weighted images, ADC and FA maps of a representative rat brain section obtained before and after implantation are shown in Fig. 2 . As the tumor grows, there is a noticeable change in the diffusion properties of water within and surrounding the tumor. The most striking feature is the increase in the anisotropy (FA) of water diffusion in tissue surrounding the tumor compared with similar tissue farther away from the tumor (Fig. 2d ). This increase in anisotropy was characteristic of all of the animals studied. There is also a decrease in the ADC values in these same areas (Fig. 2c) , although it is less distinct than the changes in FA. There is also significant heterogeneity within the borders of the tumor at the later stages of growth. At days 8 and 10 after implantation, there are not only variations in signal intensity in the T 2 -weighted and diffusionweighted images, but there are also substantial variations in ADC and FA within the tumor borders.
The change in diffusion properties of water in tissue surrounding the tumor is shown in more detail in Fig. 3 . Maps of ADC, FA, CP and CL from a section of tissue through the center of a C6 tumor are shown in the top row of Fig. 3 . DEC maps indicating the direction of the three principal eigenvectors (e 1 , e 2 , e 3 ) are shown in the bottom row of Fig. 3 , along with the corresponding T 2 -weighted image included for reference. All maps were generated from images obtained at day 8 after implantation. The FA map shows high water diffusion anisotropy in tissue surrounding the tumor. The mean FA within a $300 mm-thick ring surrounding the tumor, corresponding to the visible hyperintensity on the FA maps, was significantly higher (0.47 AE 0.09, mean AE STD) compared with a mean FA of 0.27 AE 0.07 for a region in the cortex 600 mm away from the edge of the tumor (P < 0.00001). The mean FA for that same area before the implantation of the glioma cells was 0.22 AE 0.06. The ADC map indicates a slight decrease in the mean diffusivity of water in the same area of tissue surrounding the tumor that exhibits high anisotropy (ADC ¼ 0.692 AE 0.055 mm 2 /ms) compared with the value measured farther away from the tumor edge (ADC ¼ 0.721 AE 0.047 mm 2 / ms) which may be due to increased cellularity or changes in cell geometry (see the Discussion). Maps of CP and CL indicate that the region of tissue adjacent to the tumor border demonstrate high CP compared with CL. This was true for all animals studied and is in contrast with large white matter tracts, which typically exhibit higher values of CL than CP (Fig. 3) . The DEC maps use color to designate the direction of the eigenvectors of the diffusion tensor. In the tissue surrounding the tumor, the direction of the first (or major) eigenvector is consistently in a direction parallel to the surface of the tumor, i.e. moving from the top of the tumor in a clockwise direction around the tumor, the color changes from red to green to red to 
green and back to red. The direction of the second eigenvector is also parallel to the surface of the tumor, i.e. a constant blue color. The direction of the third eigenvector, on the other hand, is always in a direction perpendicular to the surface of the tumor. These results, common to all animals studied, indicate that water motion is greatest in a direction oriented tangentially to the edge of the tumor. That is, water can move more easily parallel to the surface of the tumor than it can perpendicular to it. Histological sections of a rat brain stained with H&E and LFB are shown at different magnifications in Fig. 4 . The presence of the tumor is easily seen in both H&E and LFB staining, as shown in Figs 4a and 4b, respectively. LFB staining is helpful for visualizing white matter and can be seen as the bright blue color in Fig. 4b . A magnified (20Â) region of the edge of the tumor is shown in Figs 4c and 4d. The high cellularity and dense packing of cells in the C6 tumor is readily apparent in both images. In the region of tissue immediately adjacent to the tumor border, cells are less dense than within the tumor, and appear somewhat elongated along the surface of the tumor. This elongation imparts some long-range organization to the cells surrounding the tumor. This is more apparent in the higher-magnification images (40Â) shown in Figs 4e and 4f, where cells adjacent to the tumor have an asymmetric shape with a relatively long axis pointing along the tumor surface and a short axis in the direction normal to the surface. This asymmetry and organization is lost moving farther away from the surface of the tumor. Similar high-magnification (40Â) images of a region of white matter are shown in Figs 4g and 4h for comparison. The bright blue color of myelin stain shown in Fig. 4h is not present in the tissue surrounding the tumor (Fig. 4f) , indicating that the organized tissue immediately surrounding the tumor is not simply white matter adjacent to the tumor.
An example of the anisotropic nature of tissue within the tumor borders is shown in Fig. 5 . T 2 -weighted images Figure 3 . Representative images and parametric DTI maps of a rat brain acquired at day 8 of tumor growth. The CP and CL maps indicate relative amounts of planar and linear anisotropy, respectively. The colors in the DEC maps refer to the direction of the three principal diffusion directions (e 1 , e 2 , e 3 ) and are color coded as follows: red ¼ rostral-caudal, green ¼ right-left, and blue ¼ dorsal-ventral. A T 2 -weighted image is included for anatomical reference. In the tissue surrounding the tumor, there is a slight decrease in the mean diffusivity and increase in anisotropy as seen in ADC and FA maps, respectively. This anisotropy surrounding the tumor also exhibits higher values of CP, and lower values of CL, indicating a planar geometry to water diffusion, i.e. water motion is restricted in one direction more than the other two orthogonal directions. This is also seen in the DEC maps where the two major diffusion directions (e 1 , e 2 ) are parallel to the surface of the tumor, and the direction of the lowest diffusion direction (e 3 ) is perpendicular to the surface 
corpus callosum are plotted against time in Fig. 7b . In this case the values of FA on the contralateral side remain statistically similar through day 10 of growth. The FA measured in the corpus callosum on the tumor side of the brain, however, is significantly higher than that of previous time points and higher than the FA measured in the corpus callosum on the contralateral side (F ¼ 5.106, P ¼ 0.0007). Results for all rats were similar to those shown in Fig. 7 , i.e. some areas exhibited increases in anisotropy and others decreases. However, the exact location of decrease and increase depended on the location of the growth of the tumor.
DISCUSSION
A consistent and striking finding in this study was that the region of tissue immediately surrounding the tumor exhibited lower values of diffusivity (ADC) and higher values of diffusion anisotropy (FA). Histological results indicate that this region of tissue comprises geometrically asymmetric cells with longer dimensions parallel to the surface of the tumor and shorter axis normal to the border. We propose that the rapid growth in this tumor model exerts pressure on surrounding tissue in a direction normal to the surface of the tumor and that this pressure changes the average shape of cells in the immediate vicinity of the tumor from spherical to oblate spheroidal (i.e. compressed spheres). Farther away from the tumor, this pressure decreases and this effect is relaxed. The decrease in diffusion (ADC), increase in anisotropy (FA), and higher values of planar anisotropy (CP) near the tumor border are all consistent with this interpretation. Average water diffusion would be reduced surrounding the tumor because tissue comprising compressed cells would effectively have increased cellularity with more membranes per unit volume. Anisotropy would increase in this area because compression of cells in a direction normal to the surface of the tumor would reduce spacing of barriers perpendicular to the surface of the tumor, but not parallel to it. The observation of high values of CP (as opposed to CL) are consistent with spherical cells being compressed in a single direction, restricting diffusion parallel to the direction of compression, but not in two orthogonal directions perpendicular to it. The DEC maps representing principal directions of diffusion parallel to the surface of the tumor also indicate restricted diffusion perpendicular to the tumor border. In these studies, the imaging voxels were asymmetric with dimensions of 150 Â 150 Â 1000 mm
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. This was to maintain adequate signal to noise, but also limit acquisition time. It is probable that there is averaging of anisotropy in the slice direction, and that, within the tissues, there is actually higher values of anisotropy than we are measuring. However, the fact that anisotropy is experimentally measured indicates a cellular organization that is maintained over these distances.
Another consistent feature of the results was that the ADC and FA values within the tumors were typically heterogeneous, indicating variability of long-range cellular organization. That is, the tumor does not consist of a simple isotropic homogeneous cellular aggregate, but contains regions of more and less macroscopic cellular organization. This is evidenced by the heterogeneity in ADC and FA within the tumor borders as well as the histological results. For anisotropy to be measured from any given region of tissue, some long-range order of the barriers to water motion must exist over the dimensions of the voxel. To measure non-zero anisotropy (assuming adequate signal-to-noise ratio), macroscopic organization of cells would need to exist over these dimensions. Again, because of our relatively thick slices, there is probably some reduction in the true anisotropy that exists within the tumor borders. Although the histological slides of the tumors do not yield information about out-of-plane tissue, they do show that there are regions of tissue that have multicellular organization of the order of several hundreds of microns.
The anisotropy measured in the corpus callosum and the external capsule of rats as a function of tumor growth exhibited interesting results. White matter regions on the opposite side of the brain from where the tumor was implanted showed high values of FA that remained relatively constant over the growth of the tumor. However, white matter regions on the tumor-bearing side of the brain showed a variety of results. FA values in regions adjacent to the tumor showed a trend towards lower values of anisotropy with tumor growth, followed by complete destruction of the white matter. If cancer cells infiltrate the surrounding tissue, it can be hypothesized that any anisotropy existing before the tumor invasion will be reduced by the infiltration of more randomly distributed cells. The reduction in FA values observed in The observed increase in anisotropy could be due to compression of that region of the corpus callosum via a mass effect of the tumor. This should increase the density of barriers to water motion across the fiber but not necessarily along it, making motion more anisotropic than it was without compression.
Although the methodology used in these studies of animal models are not directly translated to the clinic (e.g. the experimental time in our study was 3 h), the findings could have significant implications for clinical and preclinical DWMRI experiments aimed at evaluating tumor growth and response to therapy. The observed heterogeneity of ADC and FA inside the tumor is not surprising and suggests that experiments aimed at measuring mean diffusivity inside tumors should be carried out in such a way to obtain isotropic diffusion weighting. This should not be a limitation in clinical DWMRI studies. Single-shot imaging techniques are inherently fast, and there are also isotropic diffusionweighting schemes that can be incorporated into virtually all DWMRI sequences (34, 35) . However, clinical Q1 DWMRI of the human brain is typically carried out at much lower resolution (several cubic millimeters) compared with the present study, and effects of anisotropy will certainly be less noticeable. However, the presence of anisotropy, even if it exists for less than the full dimension of the imaging voxel, will affect DWMRI results. As clinical DWMRI pushes to higher resolution (25, 35, 36) , these effects will be magnified.
The observed changes in ADC and FA outside the tumor also indicate that these features of water diffusion should be considered when using DWMRI to evaluate tumor borders and/or infiltration. As an alternative to conventional single exponential DWMRI analysis, a diffusion heterogeneity index, a, obtained from a stretched exponential analysis of DWMRI data has been introduced (21) . The parameter a has been shown to be a marker of tumor invasion in rat brain (21) and to be relatively insensitive to the direction of the diffusion weighting in white matter of human brain (37) . Because a was insensitive to diffusion direction in white matter of the human brain, it was concluded that measurements of a in a single direction could be used to investigate diffusion distributions in diseased brain. It should be noted that the anisotropy seen in large white matter tracts typically exhibit CL, whereas the anisotropy seen in the peritumoral gray matter in the present study demonstrates primarily CP. It is not obvious how this difference would affect underlying diffusion distributions, but results from one type of anisotropic tissue may not be generally applicable to all types of anisotropic tissue.
There have also been clinical reports using DTI to evaluate the effects of tumor growth on white matter integrity (22, 33, 38, 39) . Our data (Fig. 7) show that there could be a variety of results obtained in such cases. If the presence of tumor is compressing tissue, then higher values of anisotropy (compared with pre-tumor values) may be expected. However, if the tumor is infiltrating or destroying white matter, then lower values of anisotropy could be seen. In an invasive tumor that invades tissue that was highly organized before invasion, e.g. white matter, a decrease in anisotropy would be expected. Alternatively, if the growth of a tumor compresses the tissue without direct invasion, then increases in anisotropy may be measured. It is possible that the presence of both infiltration and compression would have opposite effects on FA and cancel each other out. Results will certainly depend on the type of tumor, its invasiveness, its growth rate and its location. In the studies described here, the C6 tumors had a very rapid growth rate, and a very strong and rapid mass effect was observed. It seems likely that a slower growing tumor, with less mass effect, would not tend to increase the anisotropy of local white matter, as we have measured in the present study.
Finally, we note that the results we present here are for a specific model of rat brain glioma. The relationship to other brain tumor models has yet to be established. Depending on the degree of tumor encapsulation and/or tumor infiltration of surrounding tissue, the results could be significantly different. Additional longitudinal studies in a variety of implanted brain tumors in animal models are warranted and should aid the understanding and interpretation of the results of DWMRI in human brain cancer.
CONCLUSION
Longitudinal DTI has been carried out in a rat brain glioma model to investigate the diffusion properties of water within and around the tumors. Significant diffusion anisotropy was observed within tumors which changes as a function of growth. Significant anisotropy was also seen surrounding the tumors that was not present in the tissue before the presence of the tumor and which increased as the tumor grew. This anisotropy appears to come from pressure generated by the tumor forcing more spherical cells into more planar geometries. These results indicate that diffusion studies in brain tumors should account for anisotropy changes within and surrounding tumors. In white matter near the tumor, changes in diffusion anisotropy were variable, with some white matter structures showing increased FA, presumably due to 
